Prior studies in our laboratory demonstrated that part of the thalamus is necessary for activating the hypothalamo-pituitary-adrenocortical (HPA) axis in response to audiogenic stress in rats. The present studies were designed to determine how the auditory-responsive thalamic nuclei might activate the HPA axis. Both retrograde [Fluoro-Gold (FG)] and anterograde [Phasoleus vulgaris-leucoagglutinin (PHA-L) and biotinylated dextran amines (BDA)] tracers were employed to study the putative connectivity between the thalamus and the medial parvocellular region of the hypothalamic paraventricular nucleus (PAmp). In addition, rats receiving FG in the PAmp were subjected to audiogenic stress, and the distribution of both FG and the protein product of the immediate-early gene c-fos, Fos, were determined by double immunohistochemistry, to help assess putative functional links between the auditory-responsive thalamic nuclei and PAmp. The results of PAmp FG placement indicated retrogradely labeled cells in several areas, including the bed nucleus of the stria terminalis, hypothalamic regions, the supramammillary nucleus, some thalamic regions, and importantly, a few multisensory nuclei of the thalamus, including the parvicellular division of the subparafascicular and posterior intralaminar nuclei. Injections of the tracers PHA-L or BDA into these auditory-responsive posterior thalamic nuclei provided further evidence of projections to the PAmp. In addition, several forebrain areas were observed to receive moderate to heavy innervation. These areas included most of the regions described above, which, in turn, project to the PAmp. Because cells in the multisensory thalamic nuclei, hypothalamic, and forebrain areas were double labeled with FG and Fos, the results suggest that either direct projections from the thalamus to PAmp neurons, or indirect projections from the thalamus to stress-responsive forebrain areas projecting to the PAmp, might mediate activation of the HPA axis by audiogenic stress.
the medial parvocellular region of the paraventricular nucleus of the hypothalamus (PAmp), which contain corticotropin-releasing factors, such as corticotropinreleasing hormone (CRH), arginine vasopressin (AVP), and others (Antoni, 1986; Swanson et al., 1988; Sawchenko, 1991) . The release of corticotropin releasingfactors at the level of the external zone of the median eminence, in the portal blood system, initiates the production and release of anterior pituitary adrenocorticotropin hormone (ACTH) in the general circulation, which in turn induces the production and release of adrenal glucocorticoids (corticosterone in rats).
It has thus been postulated that the paraventricular nucleus of the hypothalamus provides the central "final common relay," ultimately involved in the release of glucocorticoids. However, there are very few instances in which the control of the HPA axis has been ascribed to a specific set of anatomical afferents to the PAmp. One of these provides hypophysiotropic afferents from the catecholaminergic cell groups of the nucleus of the solitary tract and ventrolateral medulla involved in HPA activation by an immune challenge . Exactly how most other stressors control the activity of the HPA axis remains largely speculative Herman et al., 1996; Sawchenko et al., 1996; Herman and Cullinan, 1997; Li and Sawchenko, 1998) .
Recently, we observed that audiogenic stress elicits the release of corticosterone, which is associated with a distinct pattern of brain activity in rats, as evidenced by the induction of the immediate-early gene c-fos . Exposure of rats to intense white noise (90 and 105 dBA for 30 minutes) produced significant c-fos mRNA induction in a handful of forebrain areas (the ventrolateral septum, septohypothalamic nucleus, anteroventral and anteromedial divisions of the bed nucleus of the stria terminalis, lateral preoptic area, medial preoptic nucleus, and ventral dentate gyrus), compared with rats exposed to lower, nonstressful noise levels. Most of these audiogenic stress-responsive forebrain structures have direct projections to regions of the paraventricular hypothalamic nucleus (Tribollet and Dreifuss, 1981; Sawchenko and Swanson, 1983; Simerly and Swanson, 1988; Bittencourt et al., 1991; Cullinan et al., 1993 Cullinan et al., , 1996 Larsen et al., 1994; Moga and Saper, 1994; Herman et al., 1996; Li and Sawchenko, 1998 Interestingly, rats sustaining disruption (ibotenic acid lesions) of the entire auditory thalamus and of the adjacent multisensory lateral parvicellular division of the subparafascicular nucleus and posterior intralaminar nucleus, display a specific and complete blockade of audiogenic stress-induced corticosterone release, as well as a near complete abolition of c-fos mRNA induction in stress-responsive forebrain structures . These results suggested that at least some of these auditory-responsive thalamic regions are part of a system ultimately providing excitatory input to the hypophysiotropic neurons of the paraventricular nucleus of the hypothalamus necessary for audiogenic stress-induced HPA axis activation.
The main goal of the present studies was to determine how the auditory-responsive thalamic nuclei might convey excitatory drive upon the hypophysiotropic neurons of the paraventricular nucleus of the hypothalamus. Both retrograde [Fluoro-Gold (FG) ] and anterograde [Phasoleus vulgaris-leucoagglutinin (PHA-L) and biotinylated dextran amines (BDA)] tract-tracing procedures were employed to study putative connections between auditoryresponsive thalamic nuclei and PAmp. To complement these anatomical approaches, a combination of retrograde neuronal tracing from the PAmp with Fos immunocytochemistry in rats exposed to audiogenic stress was performed to assess putative functional afferent inputs to the PAmp during this type of challenge.
MATERIALS AND METHODS Subjects
Fifty-nine naive male albino Sprague-Dawley rats weighing 250 -300 g (Charles River, Kingston, NY), were used. Rats were housed in groups of two in plastic cages (20 ϫ 25 ϫ 50 cm) and maintained on a 12-hour/12-hour light-dark cycle (lights on at 7:00 am) with water and food freely available. They were accustomed to the colony for at least 1 week before injections were made.
Tracer injections
Rats were anesthetized with sodium pentobarbital (Butler, OH; 50 mg/kg, i.p.). They were shaved and placed in a Kopf stereotaxic instrument fitted with blunt earbars. The skin overlying the skull was disinfected (with Betadine), an incision was made, and a small window (2 ϫ 2 mm) was drilled through the skull bone to allow penetration of glass capillaries (10 -15 m external tip diameter). Capillaries were backfilled with either a 2% solution of FG (Fluorochrome, Denver, CO) dissolved in 0.9% NaCl, a 2.5% solution of PHA-L, (# L-1110, Vector, Burlingame, CA) dissolved in 10 mM sodium phosphate buffer (PB; pH 8.0), or 5% BDA, 10,000 MW (Molecular Probes, Eugene, OR) dissolved in 0.1 M PB (pH 7.4). Discrete FG deposits were made by iontophoresis in the PVN (1-1.5 A, 7 seconds on/off, 3-5 minutes) in 35 rats. Deposits of PHA-L (n ϭ 14) or BDA (n ϭ 10) were achieved by iontophoresis in the region of the thalamic posterior intralaminar nucleus and lateral parvicellular region of the subparafascicular nucleus (5 A, 7 seconds on/off, 15 minutes). Following iontophoresis, the capillaries were left in place for 10 minutes before removal to minimize tracer leakage up the capillary tract. The scalp incision was closed with surgical stainless steel wound clips. Survival time ranged from 7 to 10 days. All procedures were approved by the Animal Care and Use Committee of the University of Michigan and conformed to NIH guidelines involving vertebrate animals in research.
Noise stress procedure
Prior to perfusion, rats were transferred from the colony room to an adjacent room, in their home plastic cages, into an acoustically insulated box (1.2 ϫ 1.0 ϫ 1.0 m), in which they were subjected to 30 minutes of white noise at an intensity of 110 dB (A scale). They were returned to the colony room immediately after the end of loud noise stress. All rats were stressed between 7:00 am and 12:00 pm.
Histology and immunocytochemistry
Ninety to 105 minutes after the end of stress, rats were given an overdose of sodium pentobarbital (1 ml) and perfused transcardially with ice-cold solutions, first with 50 -100 ml of 0.9% NaCl containing 2.2% NaNO 2 , followed by 400 ml of 4% paraformaldehyde in 0.1 M PB (pH 7.4). Brains were then removed and postfixed in the same fixative for 1 hour at 4°C, and then transferred and stored in 0.1 M PB containing 10% sucrose at 4°C, until sectioned (3-14 days later). Sectioning was performed in a Jung CM 1800 cryostat; six series of 35-m sections were collected into a cryoprotectant solution (30% ethylene glycol and 30% sucrose in 0.05 M PB, pH 7.2) and kept at Ϫ20°C until immunocytochemical processing.
All antisera used for immunocytochemical processing were diluted in a solution of 0.1 M PB containing 0.25% carrageenan lambda and 0.5% Triton X-100 (Sigma, St. Louis, MO). Detection of all antisera was carried out using the avidin-biotinylated enzyme complex method (Vectastain Elite ABC peroxidase kit, Vector). All incubations were carried out under gentle agitation at room temperature, unless otherwise specified. Sections from one series were first given six rinses in cold PB. They were then incubated for 20 minutes in a solution of 0.1 M PB containing 0.3% hydrogen peroxide and given an additional six rinses in cold PB. Sections were incubated for 20 minutes each in avidin and biotin blocking solutions (1:5; Vector) in 0.1 M PB, with one rinse in cold PB between the two incubations. Sections were then incubated in the immunocytochemical diluent for 1 hour and transferred into rabbit polyclonal antisera against either FG (1:50,000; developed in our laboratory), FOS (1:8,000; Santa Cruz Biotechnology, Santa Cruz, CA), CRH (1:16,000; a generous gift from Dr. W. Vale, The Salk Institute, San Diego, CA), or a goat polyclonal antiserum against PHA-L (1: 8,000; Vector) for 40 -50 hours at 4°C, followed by six rinses in cold PB.
Sections were then incubated in biotinylated goat antirabbit (1:1000; Vector) or rabbit anti-goat IgGs (1:1000) for 2 hours and the ABC complex for 2 hours, with six rinses in cold PB between incubations. A peroxidase reaction was performed for 8 -12 minutes, which included 2.0 mg of the chromagen 3,3Ј-diaminobenzidene (DAB) tetrachloride (Sigma), and 8.3 l of a 0.3% solution of hydrogen peroxide, which were added to 10 ml of a solution of 0.1 M sodium acetate buffer (pH 7.6) and produced a brown reaction product. In some cases, especially those involving double labeling, the peroxidase solution was prepared with the addition of 0.25 g of nickel ammonium sulfate, which produced a dark blue reaction product. The double detection of FG and Fos, and that of PHA-L and CRH, was obtained in the same sections by sequentially following the steps described above, with Fos and CRH visualized with the DAB/nickel reaction and FG and PHA-L visualized with DAB. The differential cellular localization of Fos and FG (nuclear vs. cytoplasmic) helped in the identification of single-and double-labeled cells. CRH and PHA-L were not colocalized, and were thus easily discriminated.
Controls for cross-reactivity of the antisera, especially in the double-labeling experiments, consisted of processing additional sections with protocols identical to those described above without the addition of primary or secondary antibodies. Nonspecific labeling was not observed under these conditions. In addition, the staining pattern for each antigen was similar whether single or double labeling was performed.
Sections processed for the detection of FG, PHA-L, or BDA were mapped using a Zeiss Axioplan microscope equiped with a camera lucida attachement. Sections sequentially processed for the detection of Fos and FG, or PHA-L and CRH, were mapped using a computer-assisted camera lucida (Neurolucida System, MicroBrightField, Colchester, VT). In both cases Nissl-counterstained sections, from processed material after coverslip removal, were used to help delineate structural boundaries. The nomenclature employed is that of Paxinos and Watson (1998) . Photomicrographs (Figs. 1, 3 , and 4) were acquired digitally via MCID Software (St. Catherine, Ontario, Canada) with a color CCD camera (SONY DXC-970MD) fixed onto the microscope; they were then transferred to Adobe Photoshop (ver. 4.0), and contrast and brightness were adjusted to provide the best visual results.
RESULTS

Fluoro-Gold retrograde labeling
In eight cases of FG injections aimed at the PAmp, the injection sites were observed to encompass the PAmp, with variable areas of tracer diffusion around the medial parvocellular region. The injection sites in these cases are sketched in Figure 1A . The most notable difference in retrograde labeling was observed in the anterior bed nucleus of the stria terminalis. These differences appear to be attributable to the exact anterior-posterior level of FG deposit, with more anterior PAmp injections labeling more cells in the anterior BST. Figure 1B presents a darkfield photomicrograph of the injection site in the PAmp in case FG#28. Thirteen additional cases had misplaced injections, or the tissue was unusable due to freezing artifacts. Fourteen cases had very large injections that did not provide useful information. Three of the eight cases with relatively limited FG spread from the PAmp (cases #18, 21, and 32; see Fig. 1 ) were processed for double immunocytochemistry against FG and Fos protein, which was induced by subjecting the injected rats to 30-minute audiogenic stress 90 -105 minutes prior to perfusion. The three brains from stressed rats showed a very similar pattern of FG retrograde labeling, which is represented by the camera lucida drawings (from case FG#32, at nine different levels of the forebrain) in Figure 2 (B1-B9).
At the rostral levels examined, the pattern of retrograde labeling matched those reported previously, with some variability in the number of labeled cells. Labeling was, for the most part, located ipsilateral to the side of injection; when present, contralateral labeling was scattered but in the same regions as those observed ipsilaterally. Very few labeled cells were observed in the ventrolateral septal nucleus (Fig. 2B1,B2) ; more numerous cells were labeled in this region upon injection placement centered on the border or adjacent to the PAmp. Several subdivisions of the bed nucleus of the stria terminalis also contained scattered retrogradely labeled neurons, most notably the anteromedial, anteroventromedial and posteromedial divisions ( Fig. 2B1-B3 ), but this varied with the exact level of FG deposit. The preoptic area was one of the heaviest labeled regions, with the median preoptic nuclei, medial and lateral medial preoptic nuclei and medial preoptic area containing the most cells, the ventrolateral and ventromedial preoptic nuclei a moderate number of cells, and few cells in the lateral preoptic nucleus ( Fig.  2B2-B3 ). The parastrial nucleus contained several retrogradely labeled cells as well (Fig. 2B2) . At rostral levels of the hypothalamus, a few cells were observed in the striohypothalamic, supraoptic, and suprachiasmatic nuclei, with several retrogradely labeled neurons in the anterior parvocellular part of the hypothalamic paraventricular and periventricular nuclei (Fig. 2B3,B4 ). At the level of the injection site, the retrochiasmatic area contained several labeled cells, with additional cells in the anterior hypothalamic area (Fig. 2B3,B4 ). Numerous retrogradely labeled cells were observed in the ventromedial, and dorsomedial hypothalamic nuclei; labeling subsided quickly in the tuber cinereum, perifornical and lateral hypothalamic regions (Fig. 2B4,B5 ). At more caudal hypothalamic sites, the posterior hypothalamic area and supramammillary nucleus displayed several retrogradely labeled cells (Fig. 2B6) .
Of the extrahypothalamic regions displaying retrogradely labeled cells, the anterodorsal and posterodorsal medial nuclei of the amygdala showed a few scattered cells, with one or two cells occasionally labeled in the medial aspect of the central nucleus of the amygdala (data not shown). Several thalamic areas also showed FG retrograde labeling. Of particular interest to the present study, some of the heaviest thalamic labeling was observed in the subparafascicular nucleus, including its lateral parvicellular division, and the anterior paraventricular nucleus (Fig. 2B7,B8 ). Several cells were also observed in the medial aspect of the posterior intralaminar nucleus . Examples of retrograde labeling in the subparafascicular and posterior intralaminar nuclei, which are well-known auditory-responsive areas, are depicted in Figure 3D and E. The anteromedial zona incerta ( Fig.  2B7 ) and periaqueductal gray area (data not shown) also had a moderate number of retrogradely labeled cells. A few labeled cells were scattered in the superior colliculus, immediately above the commissure of the superior colliculus (data not shown), and laterally, in the intergeniculate leaflet (data not shown). Sections were not processed at levels caudal to the auditory thalamus.
Fos protein immunocytochemistry
The Fos-like immunoreactivity induced by audiogenic stress in the three brains processed for double immunocytochemistry was extensive throughout several structures and comparable in different rats; it is represented by the camera lucida drawings (from case FG#32, at nine different levels of the forebrain) in Figure 2A1 -A9. Under conditions in which similarly treated rats are simply placed in acoustic enclosures within their home cages at ambient noise levels (ϳ55 dBA SPL), virtually no Fos-like positive neurons are detected, except for some cells in the suprachiasmatic nucleus, the anteroventral and anterodorsal thalamic nuclei, and the lateral geniculate nuclei (data not shown). The forebrain regions displaying high levels of Fos-like immunoreactivity included the cingulate cortex and more caudally the retrosplenial cortex (not shown), the ventral lateral septum (Fig. 2A1,A2 ), the anteromedial bed nucleus of the stria terminalis (Fig. 2A1) , the dorsal endopiriform and piriform cortex, and the adjacent olfactory tubercule (not shown). Levels rostral to the septum were not processed in this study. More moderate numbers of Fos-positive neurons were observed in the medial aspect of the caudate-putamen, immediately against the lateral ventricle (Fig. 2A1,A2 ), the horizontal nucleus of the diagonal band (Fig. 2A1,A2 ), the ventral endopiriform nucleus, and the interstitial nuclei of the anterior commissure (not shown). Scattered Fos-like positive neurons were also present in the dorsal striatum and somatosensory cortex, almost exclusively located in deep layers at more caudal levels (not shown).
At more posterior levels, Fos-like immunoreactive neurons were numerous in several preoptic areas, including the median and medial preoptic nuclei and medial preoptic area, parastrial nucleus, anterior parvocellular paraventricular hypothalamic nucleus, and anterior paraventricular thalamic nucleus (Fig. 2A2,A3 ). The anterior hypothalamic area contained several Fos-like positive cells (Fig. 2A4) . Regions with moderate collections of Foslike positive neurons were the lateral preoptic area, the lateral hypothalamus, the periventricular hypothalamic nucleus, the medial zona incerta, the ventromedial nucleus of the hypothalamus, the tuber cinereum area (Fig.  2A3-A5 ), and the anterodorsal medial and anterior cortical nuclei of the amygdala (not shown). The dorsal thalamus also contained moderate to high numbers of Fos-like positive cells, especially from a "ring" made of the paracentral thalamic nucleus, closing onto the anterior paraventricular thalamic nucleus dorsally and medially (not shown). Scattered Fos-like positive cells were also observed in the anterior basomedial complex of the amygdala (not shown).
At the caudal levels examined, large numbers of Foslike positive cells were labeled in the dorsomedial nucleus of the hypothalamus, the posterior hypothalamus, the subparafascicular nucleus, and the supramammillary nucleus (Fig. 2A5,A6 ). Relatively high numbers of Fos-like positive neurons were also observed in the posterior paraventricular and precommissural nuclei of the thalamus (not shown). A moderate collection of Fos-positive neurons were also observed from the arcuate nucleus, the lateral posterior thalamic nucleus, the suprageniculate nucleus, and the medial division of the medial geniculate nucleus (Fig. 2A5-A9 ). Increasing numbers of Fos-positive cells were observed in the ventral and (more so) the dorsal divisions of the medial geniculate nucleus in a rostrocaudal direction (not shown). Interestingly, and relevant to the present study, the parvicellular zone of the subparafascicular nucleus and the posterior intralaminar nucleus also displayed moderate numbers of Fos-positive cells at rostral levels ( Fig. 2A7-A9 ). Additional moderate numbers of Fos-like positive neurons in the periaqueductal gray, the ventral lateral geniculate nucleus and intergeniculate leaflet, and the deep layers of the superior colliculus were observed (not shown). Scattered Fos-like positive cells in the ventral tegmental area and posterior dorsal division of the medial geniculate nucleus could be observed (Fig. 2A9 ). Sections beyond the posterior level of the medial geniculate nucleus (6.0 mm posterior to Bregma) were not processed.
Fluoro-Gold and Fos double immunocytochemistry
In general, Fos protein was observed in all areas where FG was retrogradely transported. Importantly, however, only a relatively small number of regions was observed with detectable and consistent double-labeled FG/Fos cells. The double-labeled cells in the three brains processed for double immunocytochemistry was comparable in the different rats and is represented by the camera lucida drawings (from case FG#32, at nine different levels of the forebrain) in Figure 2C1 -C9. In the present description, high numbers of double-labeled cells is indicated by greater than 10 cells, 5-10 cells indicate moderate numbers, and less than 5 cells indicate a small number of double-labeled cells per section and area observed. Rostral regions containing high numbers of double-labeled cells included the median preoptic nucleus, the parastrial nu- cleus, and the anterior parvocellular paraventricular hypothalamic nucleus (Fig. 2C2,C3) .
Moderate numbers of double-labeled cells were observed in the medial preoptic nucleus, medial preoptic area, lateral preoptic nucleus, anteroventral bed nucleus of the stria terminalis, and anterior paraventricular thalamic nucleus (Fig. 2C2,C3 ). Small numbers of double-labeled neurons were observed in the striohypothalamic nucleus (Fig. 2C3) . Examples of double-labeled neurons are depicted in Figure 3F . Near the injection site, high numbers of cells were double labeled in the anterior hypothalamic area (Fig. 2C4) . At more posterior levels, high numbers of double-labeled neurons were observed in the dorsomedial nucleus of the hypothalamus (Fig. 2C5) . Moderate numbers of double-labeled neurons were observed in the perifornical area, the ventromedial hypothalamic nucleus, and the posterior hypothalamus (Fig. 2C5,C6 ). Small numbers of double-labeled cells were detected in the lateral hypothalamus and arcuate nucleus (Fig. 2C4 -C6 ). At the more posterior levels observed, small numbers of double-labeled cells were observed in the supramammillary nucleus, the subparafascicular nucleus (Fig. 2C6 -C9) , and the periaqueductal gray (not shown). Interestingly, small numbers of double-labeled cells were also detected in the auditoryresponsive parvicellular division of the supbparafascicular nucleus and the posterior intralaminar nucleus (Fig.  2C7-C9 ).
PHA-L/BDA anterograde labeling
As described above, the FG deposits were seldom limited within the boundaries of the CRH-containing PAmp neurons. It was thus possible that the retrogradely labeled cells observed in the auditory-responsive parvicellular region of the subparafascicular nucleus (SPFPC) and posterior intralaminar nucleus (PIL) might have been produced by extra-PAmp FG diffusion. To examine this possibility, additional rats were injected with the anterograde tracers PHA-L or BDA in the region of the subparafascicular and posterior intralaminar nuclei. Five of the 14 PHA-L cases showed PHA-L uptake in the region of the subparafascicular and posterior intralaminar nuclei. One of the 10 BDA cases showed BDA uptake specifically in the subparafascicular and posterior intralaminar nuclei. The injection sites in these cases are sketched in Figure 4 . The other PHA-L and BDA cases displayed uptake in areas surrounding, but mostly excluding, the subparafascicular and posterior intralaminar nuclei.
The diffusion of BDA from the injection sites appeared more limited and allowed for a clearer observation of the area of neuronal uptake. Cases with injections containing PHA-L or BDA uptake in the subparafascicular and posterior intralaminar nuclei showed a similar pattern of anterograde labeling and are represented by the camera lucida drawings (from case BDA#2, at 16 different levels of the forebrain) in Figure 5 . By far the heaviest concentration of fibers and putative terminals was observed ipsilateral to the injection site. Several fibers were observed to course caudally from the injection site, but these caudal projections were not followed (Fig. 5A) . At the level of the injection site, moderate numbers of fibers and putative terminals were seen dorsally into the medial division of the medial geniculate body and suprageniculate nucleus (Fig. 5B,C) . Some fibers were also seen coursing through the commissure of the superior colliculus, giving rise to an apparent contralateral innervation of the deep layers of the superior colliculus and dorsal and lateral periaqueductal gray (Fig. 5A-D) .
One major fiber tract arising from the injection site coursed lateromedially through an area dorsal to the medial lemniscus, to join the periventricular fiber system (Fig. 5D-F) . At least some of these fibers appeared to contribute to the heavy innervation of several hypothalamic nuclei, including the ventral part of the ventromedial nucleus, dorsomedial nucleus, tuber cinereum area, and dorsal and anterior hypothalamic areas (Fig. 5H-L) . Fewer putative terminals were observed in the lateral hypothalamic area (Fig. 5I-L) . The possibility of direct projections from the parvicellular division of the subparafascicular and posterior intralaminar nuclei to the medial parvocellular nucleus of the paraventricular hypothalamic nucleus was substantiated by the observation of several fibers and putative terminals in this subdivision (Fig. 5K) . However, the magnocellular component of the paraventricular nucleus was nearly devoid of putative terminals (Fig. 5K) . Figure 3A -C shows brightfield photomicrographs from sections processed for double immunocytochemistry against PHA-L and CRH peptide at the level of the PAmp in case PHA-L#2, showing that PHA-L fibers and putative terminals from the subparafascicular and posterior intralaminar nuclei innervate CRH-like immunoreactive neurons of the PAmp. Several fibers and putative terminals were also labeled in the periventricular nucleus of the hypothalamus (Fig. 5K-L) .
The other major fiber tracts originating from the injection site joined the cerebral peduncle and internal capsule to course rostrally to many additional areas of the forebrain. Some of these fibers probably provided putative terminals observed in the amygdaloid complex (the lateral nucleus, the bed nucleus of the stria terminalis intraamygdaloid division, the anterior and posterior basomedial nucleus, the anterodorsal medial nucleus, the medial division of the central nucleus, and the amygdalostriatal transition area; see Fig. 5F -L), as well as the perirhinal and temporal cortex (not shown). Fewer fibers and putative terminals were seen in the anterior central nucleus of the amygdala and the substantia innominata (Fig. 5K-L) . Some of these innervations were observed bilaterally, probably via crossing at the level of the supraoptic decussation. Putative terminals could also be seen in the retrochiasmatic area (Fig. 5K-L) . At the level of the bed nucleus of the stria terminalis, a dense plexus of innervation was observed in several lateral subdivisions (Fig. 5M,N) ; this innervation appeared more moderate in medial divisions, including the anterior medioventral division (Fig. 5N,O) . Several preoptic regions were innervated by auditory-responsive posterior thalamic neurons; the medial preoptic area and the lateral part of the medial preoptic nucleus received several fibers and putative terminals (Fig. 5M,N) . Scattered innervation of the lateral preoptic area was also observed. The striohypothalamic nucleus was also observed to receive a large number of putative terminals. The lateral septum received a relatively moderate innervation, particularly in the ventrolateral and intermediate subnuclei (Fig. 5N,O) . Some fibers and putative terminals were also seen in the horizontal limb of the diagonal band ( Fig. 5O,P) . Sections rostral to 0.40 mm from Bregma were not processed.
The pattern of anterograde labeling after PHA-L/BDA injections in the lateral subparafascicular nucleus and posterior intralaminar nucleus was relatively specific compared with some of the injections that missed these areas and therefore served as good control injections. For instance, upon tracer uptake mostly limited to the lateral aspect of the zona incerta at anterior levels, labeling was very light and only observed in the central nucleus of the amygdala, with little, if any, projections to other amygdaloid areas (not shown). Very few fibers or putative terminals could be observed in the posteromedial aspects of the bed nucleus of the stria terminalis or the preoptic area; no label could be consistently detected in the hypothalamus or septum. Injection of tracer in the deep mesencephalic nucleus gave a pattern of labeling similar to that observed with zona incerta injections (not shown). Tracer uptake dorsal to the lateral subparafascicular and posterior intralaminar nuclei, in the region of the triangular posterior thalamic and limitans nuclei, produced the heaviest labeling in the medial aspect of the central and anterior basomedial nuclei of the amygdala and the lateral division of the bed nucleus of the stria terminalis (not shown). Little, if any, labeling could be observed in other amygdaloid, hypothalamic, septal, or cortical regions.
DISCUSSION
The results of the present studies point to neuronal afferent candidates involved in activation of the medial parvocellular neurons of the paraventricular nucleus of the hypothalamus, ultimately involved in audiogenic stress-induced release of glucocorticoids, in rats. The retrograde tract-tracing results obtained following discrete Fluoro-Gold deposits in the region of the paraventricular nucleus of the hypothalamus confirmed prior findings of the collection of neural afferents innervating hypophysiotropic paraventricular neurons and extended this complement to some auditory-responsive posterior thalamic nuclei, more specifically from neurons of the parvicellular division of the subparafascicular nucleus and posterior intralaminar nucleus. Because it is very difficult to limit tracer injections to a given cell type, or even within the boundaries of the hypothalamic medial parvocellular division, it was also important to demonstrate that these posterior thalamic areas innervate the CRH-containing neurons of the paraventricular hypothalamic nucleus, and not only regions adjacent to these neurons. The anterograde tract-tracing results from discrete Phasoleus vulgaris leucoagglutinin or biotinylated dextran amine deposits in the region of the parvicellular division of the subparafascicular and posterior intralaminar nuclei indicated that neurons within these regions indeed provide several fibers and putative terminals to CRH-like immunoreactive neurons of the paraventricular nucleus of the hypothalamus.
In addition, these auditory-responsive thalamic neurons were observed to provide innervation to several hypothalamic and forebrain areas that were retrogradely labeled after FG injections in the paraventricular nucleus of the hypothalamus. Neurons in some of these areas, including the parastrial nucleus, anteroventral bed nucleus of the stria terminalis, median, medial, and lateral preoptic nucleus, medial preoptic area, dorsomedial hypothalamic nucleus, anterior and posterior hypothalamic areas, perifornical nucleus, and supramammillary nucleus were double labeled with the Fos and FG antibodies after FG injections in the region of the paraventricular hypothalamic nucleus. These areas thus provide candidate functional afferents through which audiogenic stress-related information might control the activity of hypophysiotropic paraventricular neurons and the HPA axis.
Relationship to previous tract-tracing studies of the paraventricular nucleus of the hypothalamus
The results of tract-tracing studies after injections of a variety of retrograde tracers in the region of the paraventricular nucleus of the hypothalamus in rats have been relatively consistent (Silverman et al., 1981; Tribollet and Dreifuss, 1981; Sawchenko and Swanson, 1982, 1983; Cullinan et al., 1993 Cullinan et al., , 1996 Roland and Sawchenko, 1993; Larsen et al., 1994; Moga and Saper, 1994; Larsen and Mikkelsen, 1995) and will not be reviewed in detail here. In general however, our findings following FG tracer injections in the region of the paraventricular nucleus agree well with prior results of PAmp afferents from many diencephalic and telencephalic areas including most hypothalamic regions and various subnuclei of the bed nucleus of the stria terminalis.
As with several prior reports, our results were consistent with the view that the lateral septum, the amygdala, and the ventral subicular region of the hippocampus do not provide a rich innervation to the CRH-containing medial parvocellular division of the paraventricular hypothalamic nucleus (Sawchenko and Swanson, 1983; Moga and Saper, 1994; Cullinan et al., 1996; Marcilhac and Siaud, 1997; Cheung et al., 1998; Prewitt and Herman, 1998) . Indeed, based on anterograde tracing studies, these regions have been shown to project mainly to the perinuclear border of the parvocellular paraventricular nucleus, or to the autonomic portions of the parvocellular division without contributing significantly to the innervation of the CRH-containing PAmp nuclear zone (Sawchenko and Swanson, 1983; Oldfield and Silverman, 1985; Grove, 1988; Gray et al., 1989; Kohler, 1990; Staiger and Wouterlood, 1990; Canteras and Swanson, 1992; Cullinan et al., 1993; Canteras et al., 1995) . The fact that we observed few cells retrogradely labeled in these areas following our injections suggests that the FG deposits in the cases presented in this study were concentrated within the nuclear zone of the PAmp.
The thalamic fields retrogradely labeled after FG injection in the PAmp were also similar to prior descriptions, especially from the anterior paraventricular thalamic nucleus, the anteromedial zona incerta, and the periaqueductal gray (Silverman et al., 1981; Sawchenko and Swanson, 1983; Levin et al., 1987; Cheung et al., 1998; Li and Sawchenko, 1998) . As described for the forebrain projections above, these thalamic nuclei were shown to provide anterograde projections to the PAmp region (Cameron et al., 1995; Moga et al., 1995; Wagner et al., 1995; Floyd et al., 1996) . The sparse collection of labeled cells from the intergeniculate leaf division of the lateral geniculate nucleus observed in the present study also agrees with the recent findings of projections from this zone to the periventricular hypothalamic nucleus, with fewer projections to the PAmp proper (Horvath, 1998) . Another very small subset of neurons was nearly invariably labeled in the deep layers of the superior colliculus, which has not been reported previously. Evidence from previous studies of anterograde projections to the PAmp could not be ascertained from the superior colliculus.
Finally, in all the cases displaying FG deposit in the PAmp, a reproducible number of cells along the extent (medial and lateral) of the parvicellular division of the subparafascicular nucleus and medial posterior intralaminar nucleus were labeled. This collection of cells probably comprises the population of neurons mentioned by Sawchenko and coworkers (1996) , with notable differences: first, retrograde labeling in the peripeduncular nucleus was not consistently observed in the present study; and second, Sawchenko and coworkers did not mention labeling in the subparafascicular nucleus. A more detailed evaluation of these apparent discrepancies is difficult because of the scarcity of data presented and should await additional demonstrations. Nevertheless, deposits of the anterograde tracers PHA-L or BDA in the lateral parvicellular division of the subparafascicular nucleus and the posterior intralaminar nucleus provided, to our knowledge, the first detailed demonstration of projections from these thalamic subdivisions to the CRH-containing neurons of the medial parvocellular division of the paraventricular nucleus of the hypothalamus. Because the anterograde tracers were invariably taken up by cells of both the parvicellular subparafascicular and posterior intralaminar nuclei simultaneously, it cannot be ascertained whether one or the other region projects more specifically or heavily to the PAmp. These findings, however, strongly suggest that one or both of these posterior thalamic regions provide direct afferent innervation to the hypophysiotropic neurons of the paraventricular nucleus of the hypothalamus in the rat.
Additional projections from the subparafascicular and posterior intralaminar nuclei
Our study of the projection fields of the parvicellular division of the subparafascicular nucleus and posterior intralaminar nucleus yielded results that were much broader than most previously published work. Prior studies have focused mostly on connections from these thalamic areas to the amygdaloid complex and ventral striatum (Veening, 1978; Ottersen and Ben-Ari, 1979; Ottersen, 1981; Turner and Herkenham, 1981; LeDoux et al., 1985 LeDoux et al., , 1990 Arnault and Roger, 1987; Volz et al., 1990; Turner and Herkenham, 1991; Yasui et al., 1991) , as well as the temporal (auditory) cortex (Ryugo and Killackey, 1974; LeDoux et al., 1985; Arnault and Roger, 1987; Clerici and Coleman, 1990; Turner and Herkenham, 1991; Namura et al., 1997) . A few observations have been made regarding projections from the posterior intralaminar nucleus to the ventromedial nucleus of the hypothalamus (LeDoux et al., 1984 (LeDoux et al., , 1985 Arnault and Roger, 1987) and the preoptic region (Simerly and Swanson, 1986; Coolen et al., 1998) , without providing extensive data on the full pattern of efferent connections to other hypothalamic and forebrain areas. The results from our anterograde tracer deposits in the lateral parvicellular division of the subparafascicular and posterior intralaminar nuclei confirmed the reported projections to the amygdaloid complex, temporal cortex, ventromedial nucleus of the hypothalamus, and preoptic area and extended these findings by showing fibers and putative terminals in several additional areas, including many hypothalamic structures (the dorsomedial nucleus, the tuber cinereum area, the dorsal, anterior and lateral hypothalamic areas, the retrochiasmatic area, the medial and lateral preoptic area and lateral part of the medial preoptic nucleus, and the striohypothalamic nucleus), several subdivisions of the bed nucleus of the stria terminalis and substantia innominata, the lateral ventral and intermediate septal nuclei, and the horizontal limb of the diagonal band.
These results cannot easily be attributed to uptake of PHA-L/BDA to adjacent areas, such as dorsally in cells of the triangular posterior thalamic nucleus, which gave a very different pattern of labeling in the amygdala, in agreement with prior work from LeDoux and coworkers (1990) , or ventrally by cells of the zona incerta or deep mesencephalic nuclei, which again produced a very different pattern of labeling excluding, for the most part, most of the hypothalamus and septum, with some labeling of the medial aspect of the central nucleus of the amygdala and lateral bed nucleus of the stria terminalis. Our results are relatively consistent with one case reported by Grove (1988; case RPPN6) , in which an injection of PHA-L located more laterally in the posterior intralaminar nucleus and including part of the peripeduncular area also resulted in anterograde labeling in several areas of the hypothalamus, the bed nucleus of the stria terminalis, and the substantia innominata. (Observations in the septum were not reported.) Interestingly, however, that particular lateral injection produced much weaker labeling in all those areas, with few fibers and terminals in the paraventricular nucleus of the hypothalamus. These results are thus consistent with our observation of nearly exclusive FG labeling in the "medial" aspect of the posterior intralaminar nucleus adjacent to the parvicellular division of the subparafascicular nucleus of the hypothalamus. The use of the more sensitive PHA-L lectin and BDAs, compared with wheat germ agglutinin conjugated to horseradish peroxidase (WGA-HRP), might explain the more extensive projection fields reported in some (Grove, 1988; Coolen et al., 1998) , but not other, studies focusing on efferent connections of the subparafascicular and posterior intralaminar nuclei.
Comparisons with previous functional studies utilizing the immediate-early gene c-fos
Several studies have reported the induction of immediate-early genes, particularly c-fos mRNA or its protein product Fos, in response to acute stressors Campeau et al., 1998) . Particularly informative have been studies combining the use of retrograde tracer injections in the region of the PAmp with functional assays (invariably Fos), which have led to the delineation of probable circuits in the mediation of HPA axis activation following various acute challenges (Larsen and Mikkelsen, 1995; Cullinan et al., 1996; Li and Sawchenko, 1998) . For instance, in response to an osmotic challenge induced by systemic injection of hypertonic saline (Larsen and Mikkelsen, 1995) , the complement of regions displaying hyperosmotic Fos induction in PAmpprojecting neurons included several areas of the circumventricular organs (median preoptic nucleus, subfornical organ, and organum vasculosum lamina terminalis) implicated in the homeostatic control of osmosis, in addition to several areas known to respond to visceral inputs (nucleus of the solitary tract, ventrolateral medulla, and lateral parabrachial nucleus).
Not all these regions, however, appear to control activity of the HPA axis to the same extent, as only lesions of the organum vasculosum have been shown to block activating effects of hyperosmolality upon the parvocellular paraventricular nucleus (Kovacs and Sawchenko, 1993) . A similar complement of brain regions is activated by immune challenges (Ericsson et al., 1994; Rivest and Rivier, 1994; Day and Akil, 1996) , although with this particular stressor, inputs from the nucleus of the solitary tract and ventrolateral medulla have been implicated in providing excitatory effects at the level of the paraventricular nucleus . The neural systems engaged by such systemic challenges, which require little conscious resources to be expressed, can be contrasted with the results obtained with the more "neurogenic" (Allen et al., 1973) or "processive" (Herman et al., 1996) challenges of swim , footshock (Li and Sawchenko, 1998) , and audiogenic stress (present study). For instance, in response to swim stress, Fos induction in PAmpprojecting neurons was observed in the parastrial nucleus, medial preoptic area, anterior and posterior hypothalamic areas, dorsomedial nucleus of the hypothalamus, and supramammillary nucleus. (Levels of the neuraxis rostral to the septum and caudal to the hypothalamus were not investigated in this study.)
A very similar forebrain pattern of Fos-immunoreactive PAmp-projecting neurons was reported following an acute footshock episode (Li and Sawchenko, 1998) , which is also remarkably comparable to the present observations following acute audiogenic stress. Notable differences seem to be related to the exact stressor employed. For instance, footshock does not appear to induce Fos in the PAmpprojecting neurons of the paratenial nucleus or the posterior thalamic nuclei, and audiogenic stress has not been observed to induce Fos in regions also known to project to the PAmp, including the lateral parabrachial nucleus and the ventrolateral periaqueductal gray . These neurogenic stressors therefore appear to mediate control of the HPA axis via a much richer complement of forebrain structures compared with systemic stressors, while perhaps retaining some specificity provided by the exact stressor experienced (swim, electric shock, or loud noise). As with systemic stressors, the exact function of each of the activated PAmp-projecting areas needs to be ascertained to determine which input provides excitatory drive upon hypophysiotropic hypothalamic neurons in response to different neurogenic stressors.
Putative functional circuits based on correlation of anterograde labeling from auditory-responsive areas of the thalamus and retrograde labeling from the paraventricular nucleus of the hypothalamus combined with Fos immunocytochemistry
One way to help identify the putative functional circuits involved in activation of PAmp neurons by audiogenic stress is to correlate the results of the retrograde tracing from PAmp that were combined with Fos immunohistochemistry and the results of the anterograde tracing from the auditory-responsive posterior thalamic nuclei. The most likely circuits would be those for which there would be a relatively high number of retrogradely labeled neurons displaying Fos immunoreactivity that would appear to be contacted by a relatively large number of anterogradely labeled fibers and terminals. Among the areas displaying the highest correlation of Fos-positive retrogradely labeled neurons contacted by anterogradely labeled fibers, the parastrial hypothalamic nucleus, the anterior hypothalamic area, and the dorsomedial hypothalamic nucleus provide good candidates to relay auditory-related stress information to the PAmp (Fig. 6) . Although the anterior nucleus of the paraventricular hypothalamic nucleus had a relatively high number of double-labeled cells, it received relatively few fibers and terminals from the auditory-responsive posterior thalamic nuclei. The medial and lateral preoptic nuclei, medial preoptic area, posterior hypothalamus, perifornical nucleus, and ventromedial nucleus of the hypothalamus had moderate overlap between retrograde and anterograde labeling, suggesting their potential role in relaying auditory-related stress information to the PAmp. Other regions, including the anteroventral division of the bed nucleus of the stria terminalis, only had a few Fos-positive retrogradely labeled neurons, offering a possible but weak relay of auditory-related stress information to the PAmp. Finally, the lateral subparafascicular and posterior intralaminar nuclei also contained retrogradely labeled neurons, but few of them were Fos positive, suggesting a direct, although weak, auditory connection to the PAmp.
Functional considerations
Anatomically, the lateral parvicellular division of the subparafascicular nucleus and the posterior intralaminar nucleus share many characteristics; both receive auditory inputs from the inferior colliculus, visual inputs from the superior colliculus, and somatosensory inputs from the spinal cord (Ju et al., 1987; LeDoux et al., 1987; Nahin, 1988; Linke, 1999) . A subset of their respective neurons contains at least one similar peptide, calcitonin-generelated peptide (Kubota et al., 1991; Yasui et al., 1991) , and they have a similar projection pattern, including axon collaterals, to the amygdala and perirhinal cortex (Namura et al., 1997) . The present results also suggest that these regions project directly to the parvocellular division of the paraventricular hypothalamic nucleus and to several additional forebrain areas of the hypothalamus and bed nucleus of the stria terminalis, seldom recognized in prior studies. Efferent projections from these thalamic areas contact several forebrain areas, which in turn project to PAmp, and some of them were shown to display Fos in response to audiogenic stress.
Together with our prior finding that auditory thalamic lesions, which included the posterior intralaminar nucleus and a large portions of the lateral parvicellular division of the subparafascicular nucleus, block audiogenic stressinduced glucocorticoid release and its associated forebrain c-fos mRNA induction , the present results suggest that the lateral parvicellular division of the subparafascicular and posterior intralaminar nuclei might activate hypophysiotropic neurons of the paraventricular hypothalamic nucleus via either direct projections and/or indirect projections through one or several of the forebrain areas they contact. A functional analysis of these forebrain areas, including specific activation or inactivation, will be required to determine their exact role in HPA axis control. It has been demonstrated, for instance, that electrical stimulation of the anterolateral bed nucleus of the stria terminalis activates, whereas stimulation of its anteromedial subdivision inhibits, glucocorticoid release (Dunn, 1987) . It should be noted that these areas need not be implicated uniquely in hypophysiotropic neuronal control or in responsiveness to auditory stimuli. For instance, a subset of the regions described above, namely, the parvicellular division of the subparafascicular nucleus and medial preoptic nucleus, has been implicated in the neural circuit of sexual satiety (Coolen et al., 1996 (Coolen et al., , 1998 . However, it has been reported that sexual behavior can produce the release of glucocorticoids (Szechtman et al., 1974; Bronson and Desjardins, 1982; Marchlewska-Koj and Sacharczuk-Kakietek, 1990 ), which potentially reinforces the role of these regions in the control of hypophysiotropic paraventricular neurons.
CONCLUSIONS
The results presented here indicate that some auditoryresponsive areas of the thalamus, including the lateral parvicellular region of the subparafascicular nucleus and the posterior intralaminar nucleus, project directly to corticotropin-releasing hormone-containing neurons of the paraventricular nucleus of the hypothalamus. In addition, it was observed that these same auditory-responsive posterior thalamic areas project to several forebrain areas also observed to contain retrogradely labeled neurons following Fluoro-Gold injections in the medial parvocellular region of the paraventricular hypothalamic nucleus. Together with our previous finding that auditory thalamic lesions disrupt corticosterone release in response to audiogenic stress, the present observations strongly suggest that these specific auditory-responsive posterior thalamic areas, (via either direct or, more likely, indirect projections to the paraventricular nucleus of the hypothalamus) mediate audiogenic stress-induced activation of hypophy- 
